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Introduction
Recent studies have highlighted the importance of apoptosis or programmed cell death in the physiological and pathophysiological regulation of tissue development (1) , neoplastic expansion (2) , ischemic destruction of cardiac myocytes (3) , and toxic cell injury (4) . Apoptosis also plays a key role in the re-duction in ␤ -cell mass that occurs postpartum (5) and has been proposed to mediate ␤ -cell destruction in insulin-dependent diabetes mellitus (6) and the reduction in ␤ -cell mass that occurs in non-insulin-dependent diabetes mellitus (NIDDM) 1 (7) .
Several agents have been shown to induce apoptosis in ␤ -cells, including superoxide radicals (8, 9) , cytokines (9) , sulfonylureas (10) , staurosporine (11), fructose (12) , agents that activate G-proteins (13) , actinomycin, and cycloheximide (14) . However, the basic biochemical events that trigger and mediate apoptosis in insulin-secreting cells are not known. Several of these agents affect the intracellular free Ca 2 ϩ concentration ([Ca 2 ϩ ] i ), and previous studies have implicated Ca 2 ϩ as a mediator of apoptosis in other cells (15) . Therefore, these studies were undertaken to investigate the role of [Ca 2 ϩ ] i in death of MIN6 cells, a well-differentiated mouse insulinoma cell line (16) , and in mouse pancreatic islets.
In pancreatic ␤ -cells, [Ca 2 ϩ ] i is primarily regulated by the interplay between Ca 2 ϩ entry via L-type voltage-dependent calcium channels, sequestration of Ca 2 ϩ into intracellular stores, and removal of Ca 2 ϩ via plasma membrane Ca 2 ϩ pumps (17, 18) . Inhibition of microsomal Ca 2 ϩ pumps, termed the sarcoendoplasmic reticulum Ca 2 ϩ -dependent adenosine trisphosphatases (SERCA), results in the depletion of the intracellular Ca 2 ϩ stores (19, 20) and activates voltage-independent Ca 2 ϩ or Na ϩ currents, which can contribute to the elevation in [Ca 2 ϩ ] i (21) . Agents such as thapsigargin that inhibit the two isoforms of SERCA (SERCA 2b and SERCA 3) in ␤ -cells (22, 23) cause depletion of the intracellular Ca 2 ϩ stores and increase in [Ca 2 ϩ ] i (24, 25) .
We investigated the role of [Ca 2 ϩ ] i in triggering apoptosis in insulin-secreting cells. Cells were exposed to agents that are known to increase [Ca 2 ϩ ] i and the signaling pathways necessary for initiation of apoptosis were identified using well-characterized Ca 2 ϩ transport inhibitors as well as intracellular and extracellular Ca 2 ϩ chelators. We found that inhibition of SERCA activity with thapsigargin caused apoptosis. In addition, our studies indicated that thapsigargin induced ␤ -cell apoptosis in the absence of rises in [Ca 2 ϩ ] i , but was related to cellular lipoxygenase activity. Our findings suggest that sustained depletion of intracellular Ca 2 ϩ pools may trigger apoptosis in pancreatic ␤ -cells and that products of arachidonate metabolism play a role in mediating this process. Emptying of the intracellular stores of Ca 2 ϩ thus appears to be one of the important mechanisms whereby apoptosis may be triggered in insulin secreting cell lines.
Methods
Cell culture and islet isolation. MIN6 cells (16) were grown in Dulbecco's modified Eagle's medium (DME) containing 25 mM glucose, 1 mM sodium pyruvate, 15% FCS, 100 IU/ml penicillin, and 100 g/liter streptomycin in a humidified atmosphere of 5% CO 2 and 95% air at 37 Њ C. Cells were used between passages 20 and 30. Islets of Langerhans were isolated from the pancreata of 8-10-wk-old normal C57BL/KsJ mice (The Jackson Laboratory, Bar Harbor, ME) by collagenase digestion and discontinuous Ficoll gradient separation, a modification of the original method of Lacy and Kostianovsky (26) . Islets were cultured in RPMI 1640 medium supplemented with 11 mM glucose, 5% FCS, and antibiotics as above.
Cell viability assay. MIN6 cells were grown to ‫ف‬ 50% confluence in flat-bottom 96-well plates before being exposed to a variety of agents known to affect [Ca 2 ϩ ] i by different mechanisms. These experiments were carried out in DME complete culture medium for 48 h unless otherwise indicated. Cell viability was determined by a colorimetric assay (27) . This assay is based on the ability of viable cells, but not dead cells, to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT), the reaction generates a dark blue formazan product. After exposure of the cells to the test agents, 10 l of 5 g/liter MTT in PBS was added to 100 l of medium in each well. After a 2-3-h incubation at 37 Њ C, 100 l of 40 mM HCl/isopropanol was added to stop MTT reduction and to homogenize the cells. After an additional 5-10 min incubation at 37 Њ C, the absorbance at 540 nm was measured using a Titertek Multiskan MC™ Immuno-Reader (Titertek, Helsinki, Finland). For determining islet cell viability the MTT assay was modified as follows: 30 islets were incubated in 100 l medium with MTT in an Eppendorf tube for 3 h and homogenized by sonification before measuring absorbance.
Nuclear chromatin staining. Hoechst 33342 (HO342; 10 g/liter) and propidium iodide (PI; 5 M) were used to detect differences between normal and apoptotic nuclei as described previously (14) . Cells grown on glass coverslips were stained with a mixture of the two dyes for 5 min and washed with PBS before examination by fluorescence microscopy. HO342 freely enters cells with intact membranes as well as cells with damaged membranes and stains DNA blue when visualized under the fluorescent microscope (ultraviolet excitation at 340-380 nm). Intact plasma membranes are impermeable to PI, a highly polar dye that only enters cells that have lost integrity of their cell membranes (necrotic or late apoptotic cells) and stains DNA red. Apoptotic cells were identified by the presence of condensed or fragmented nuclei stained either blue or pink depending on the stage in the apoptotic process.
Determination of internucleosomal DNA cleavage (DNA laddering). DNA was extracted by a modification of a previous method (9) and precipitated with ethanol. DNA fragments ( ‫ف‬ 10 g) were separated by electrophoresis in 1.8% agarose gels, and visualized by staining with ethidium bromide (1 mg/liter).
Quantification of DNA fragmentation. Fragmented DNA was separated from chromatin DNA, and quantified as described previously (28) . Lysates from 200 mouse islets or ‫ف‬ 2 ϫ 10 6 MIN6 cells were centrifuged at 15,000 g for 15 min. The supernatant and pellet fractions were extracted with phenol-chloroform. The amount of DNA in the two fractions was determined spectrofluorometrically after incubation with the fluorescent dye Hoechst 33258 (0.2 g/ml).
Measurements of [Ca 2 ϩ ] i in MIN6 cells. MIN6 cells were seeded on glass coverslips and grown for 2 d before exposure to various agents that affect [Ca 2 ϩ ] i . Cells were loaded with fura-2 acetoxymethyl ester (5 M; Molecular Probes, Eugene, OR) for 30 min at 37 Њ C in a Krebs-Ringer bicarbonate medium containing (in mM): 119 NaCl, 4.7 KCl, 1.8 CaCl 2 , 1.2 MgCl 2 , 1.2 KH 2 PO 4 , 25 NaHCO 3 and 2 glucose. Coverslips were mounted into a microperifusion chamber on the specimen stage of a microscope equipped for epifluorescence and perifused with Krebs-Ringer bicarbonate medium at a rate of 2.5 ml/ min at 37 Њ C as described in detail elsewhere (24) . [Ca 2 ϩ ] i was measured using dual-wavelength fluorescence video microscopy and expressed as the ratio of the fluorescence intensity (detected at 510 nm) of fura-2 stimulated with light at excitation wavelengths of 340 and 380 nm (ratio 340:380) as described previously (24) .
Materials. DME (high glucose), RPMI 1640, PBS, and penicillin/ streptomycin were purchased from Life Technologies, Inc. (Gaithersburg, MD), FCS was from Hyclone (Logan, UT). Proteinase K and RNAase A were from Boehringer Mannheim Biochemicals (Indianapolis, IN). A23187, arachidonic acid, SK&F 96365, N -ethylmaleimide, cyclopiazonic acid, 2,5-di-(t-butyl)-1,4-hydroquinone, ionomycin, and MTT were from Calbiochem (La Jolla, CA), Hoechst 33258, HO342, and Fura-2 acetoxymethyl ester from Molecular Probes, Inc. (Eugene, OR). Thapsigargin, nordihydroguaiaretic acid, PI and others were obtained from Sigma Chemical Co. (St. Louis, MO). Agents with low aqueous solubility were dissolved in DMSO.
Statistics. Results were expressed as mean Ϯ SEM. The statistical significance of differences between treatment groups was determined using either paired Student's t test or one-way ANOVA. .  1) . To test the hypothesis that agents that cause an increase in [Ca 2ϩ ] i can decrease ␤-cell viability, MIN6 cells were exposed to a variety of test reagents that increase [Ca 2ϩ ] i by different mechanisms (17, 29). As shown in Fig. 1 , few reagents decreased MIN6 cell viability significantly. Exposure of cells for Figure 1 . MIN6 cell viability is reduced by agents that affect intracellular Ca 2ϩ stores, but not by agents that increase [Ca 2ϩ ] i . MIN6 cells were exposed 48 h to thapsigargin (TG; 1 M), tBHQ (10 M), CPA (50 M), caffeine (5 mM), ionomycin (1 and 5 M), A23187 (1 M), carbachol (250 M), glyburide (10 M), and AVP (50 nM). The MTT assay was used to measure cell survival. Control cells were exposed to solvent alone. Data represent results of at least four independent experiments and are expressed as percent of control response. Statistical significance (*P Ͻ 0.001; #P Ͻ 0.01) is indicated. 48 h to arginine vasopressin (AVP; 50 nM), glyburide (10 M), or carbachol (250 M) did not significantly affect MIN6 cell viability. The cells also were resistant to prolonged incubation with calcium ionophores: 1 M of either A23187 or ionomycin did not reduce viability significantly. However, incubation of the MIN6 cells with a higher concentration of ionomycin (5 M) significantly reduced (P Ͻ 0.01) viability by 21% ( Fig. 1 ).
Results
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Drugs that deplete endoplasmic reticulum (ER) Ca 2ϩ stores induced death of MIN6 cells. Cyclopiazonic acid (CPA; 50 M), 2,5-di-(t-butyl)-,4-hydroquinone (tBHQ; 10 M), and thapsigargin (1 M) decreased viability by 39, 58, and 70%, respectively ( Fig. 1 ). Exposure of cells to 0.1-5 M thapsigargin for 24 h caused a concentration-dependent increase in MIN6 cell death that was more profound after a 48-h incubation (Fig.  2) . Inhibition of SERCA activity by thapsigargin is irreversible (30) Thus a transient exposure of cells to 1-5 M thapsigargin for 4 h (followed by removal of thapsigargin from the incubation medium) also triggered MIN6 cell death within 24-48 h (data not shown).
Caffeine (5 mM), a methylxanthine that discharges ␤-cell intracellular Ca 2ϩ stores (31), reduced MIN6 cell viability by 40% ( Fig. 1 ). However, this was not associated with the appearance of DNA laddering characteristic of apoptosis (data not shown). Therefore, the reduction in cell viability induced by caffeine was likely due to necrosis rather than apoptosis.
Evidence that apoptosis mediates the thapsigargin-induced reduction in viability of MIN6 cells. We measured DNA fragmentation and stained the cell nuclei using the fluorophores HO342 and PI to determine if the reduction in viability of MIN6 cells induced by thapsigargin was due to apoptosis. Fig.  3 A shows the time course of the effects of 1 M thapsigargin on DNA fragmentation in MIN6 cells. DNA laddering started to appear after 6 h and became further evident by 24 and 48 h after thapsigargin exposure ( Fig. 3 A) . The amount of fragmented cell DNA (expressed as a percent of total DNA) revealed a similar temporal pattern ( Fig. 3 B) . After 6-and 12-h exposures to 1 M thapsigargin, DNA fragmentation in- thapsigargin. Cells were exposed to the SERCA inhibitor for 6, 12, 24, and 48 h, respectively, as indicated. Typically, a DNA laddering pattern began to appear after 6 h of treatment with thapsigargin, and it became evident after 24 h of treatment. Band formation from a DNA molecular weight marker (M) is shown in lane 1, and the migration of 100-and 600-bp fragments are indicated. The amount of DNA fragmentation was determined as described in Methods; the results are summarized in B. Data are meanϮSEM of three independent experiments. Note the temporal concordance between the onset DNA laddering (A) and increase in DNA fragmentation (B). creased 2.1-and 2.5-fold above controls, respectively. Thapsigargin induced 7.1-and 6.9-fold elevations in the amount of DNA fragmentation after 24 and 48 h, respectively ( Fig. 3 B) . The other two SERCA inhibitors CPA and tBHQ also caused DNA fragmentation similar to that seen with thapsigargin (data not shown). That thapsigargin induced apoptosis was further documented using HO342 and PI staining ( Fig. 4 ). In unexposed control MIN6 cells, the HO342 fluorescence was homogenously distributed throughout the cell nuclei and no chromatin condensation or nuclear fragmentation was evident ( Fig. 4 A) . This staining pattern was found in Ͼ 95% of the control cells studied. In contrast, the nuclei of MIN6 cells exposed to 1 M ( Fig. 4 B) or 5 M (Fig. 4 C) thapsigargin for 48 h appeared smaller than control cells and exhibited condensed or fragmented chromatin with punctate or nonhomogeneous regions of fluorescence staining (Fig. 4 , B and C; arrows), a staining pattern consistent with apoptosis (14) . Fig. 4 D shows the appearance of cells during the later stages of apoptosis at which time the nuclei are stained with HO342 and PI. The number of thapsigargin-treated cells containing apoptotic nuclei ranged between 15-40% per field-of-view. It is conceivable that a higher proportion of the cells might exhibit apoptotic nuclei, a finding that would parallel the MTT assay results shown in Fig. 1 . However, we noted that some apoptotic cells detached during the staining process, suggesting that the actual number of apoptotic MIN6 cells may be underestimated by the HO342 fluorescence technique. Nevertheless, our findings derived from three separate assays (MTT, DNA fragmentation, and fluorescent staining) clearly indicate that thapsigargin exposure triggers apoptotic cell death in MIN6 cells.
The role of cellular protease and protein biosynthesis. Application of ethylmaleimide (5 M), a nonspecific proteinase inhibitor (32) , as well as cycloheximide (10 M), an inhibitor of protein biosynthesis (14) , significantly blocked thapsigargin activation of apoptosis in MIN6 cells. After incubation in thapsigargin plus ethylmaleimide for 48 h, 45Ϯ4% of the cells remained viable as judged by the MTT assay compared with 27Ϯ4% with thapsigargin alone (n ϭ 5, P Ͻ 0.05). Corresponding results after incubation in thapsigargin plus cycloheximide (51Ϯ4%) versus 30Ϯ2% in thapsigargin alone (n ϭ 5, P Ͻ 0.01) also showed an increase in cell viability.
Role of [Ca 2ϩ ] i in thapsigargin-induced MIN6 cell apoptosis. Next, we determined whether rises in [Ca 2ϩ ] i contributed to thapsigargin-induced MIN6 cell apoptosis (Fig. 5, A and B ; Table I ). Diazoxide (100 M), a K ATP channel opener that prevents membrane depolarization in ␤-cells, failed to attenuate the decrease in cell viability induced by thapsigargin ( Fig. 5 A) . This suggested that influx of Ca 2ϩ through voltage-dependent calcium channels was not important in triggering cell death by thapsigargin, and is supported by the finding that nitrendipine (0.5 M), an L-type Ca 2ϩ channel blocker did not suppress thapsigargin-stimulated apoptosis ( Fig. 5 A) . Equally ineffective were diphenylamine-2-carboxylate (DPC; 250 M) and the imidazole compound, SKF-96365 (25 M), inhibitors of Ca 2ϩ store-operated channels (33) ( Fig. 5 A) . With the exception of DPC, which caused 25% cell death, neither diazoxide, nitrendipine, nor SKF-96365 decreased MIN6 cell viability ( Fig. 5 A) .
These findings provide compelling evidence that influx of Ca 2ϩ consequent to thapsigargin exposure did not contribute to apoptosis. This was studied further using Ca 2ϩ chelators, EGTA and 1,2-bis-(o-aminophenoxy)-ethane-N,N,N 1 ,N 1 -tetra acetic acid (BAPTA). Fig. 5 B shows that application of EGTA did not protect MIN6 cells from cell death induced by thapsigargin. In fact, the experiments revealed that application of 2.2-5 mM EGTA alone for 48 h triggered cell death ( Fig.  5 B) . Evidence further excluding a role of rises in [Ca 2ϩ ] i in death of MIN6 cells was provided by loading cells with BAPTA. Clamping [Ca 2ϩ ] i with the cytosolic Ca 2ϩ chelator failed to prevent thapsigargin-triggered cell death (Table I) . Loading the cells with BAPTA for 1 h appeared to be sufficient to prevent a rise in [Ca 2ϩ ] i by thapsigargin. Thus exposure of MIN6 cells to the SERCA blocker (2 M) 4 and 24 h after BAPTA loading did not cause an increase in [Ca 2ϩ ] i (data not shown).
The effect of thapsigargin on intracellular Ca 2ϩ stores. We directly measured [Ca 2ϩ ] i in MIN6 cells treated with thapsigargin. Resting levels of [Ca 2ϩ ] i in cells exposed to thapsigargin (1 M) for 48 h (A340/A380: 0.58Ϯ0.03, n ϭ 43) were not different from controls (A340/A380: 0.54Ϯ0.03, n ϭ 89). However, mobilizable intracellular Ca 2ϩ stores were entirely depleted ( Fig. 6 B) . Carbachol, a muscarinic agonist that increases ␤-cell [Ca 2ϩ ] i by receptor-stimulated activation of phospholipase C, production of inositol 1,4,5-trisphosphate and consequent discharge of ER-sequestered Ca 2ϩ pools, did not increase [Ca 2ϩ ] i in MIN6 cells treated with 1 M thapsigargin (compare Fig. 6,  A and B) . Similar results were observed with MIN6 cells Cells were preincubated with 5 M BAPTA/AM for 1 h before being exposed to 1 M thapsigargin in DME medium for 24 or 48 h and followed by MTT assays. Data are meansϮSEM of three to five separate experiments (numbers in parentheses). *P Ͻ 0.01 or less compared to control. treated with 0.5 M thapsigargin, 50 M CPA, or 10 M tBHQ as well, whereas cells treated with AVP (50 nM) and glyburide (10 M) retained intact responses to carbachol (data not shown). Additional experiments with ionomycin, a Ca 2ϩ ionophore known to be able to release intracellular Ca 2ϩ stores at high concentration, confirmed the observation that the induction of apoptosis by thapsigargin is related to depletion of intracellular stores regulated by SERCA. As shown in Fig. 6 , C and D, release of intracellular Ca 2ϩ stimulated by 5 M ionomycin was completely inhibited after a 48-h treatment of MIN6 cells with 1 M thapsigargin. The absence of stores of intracellular Ca 2ϩ that could be released by ionomycin (up to 10 M) was also documented after a 4-or 24-h exposure to thapsigargin, and after incubation for 24 h with 10 M tBHQ and 50 M CPA (data not shown).
Role of arachidonate metabolism in thapsigargin-induced apoptosis. Recent studies in smooth muscle cells (34) and U937 cells (35) demonstrated that the irreversible depletion of ER-sequestered Ca 2ϩ pools by thapsigargin, generated arachidonate by activating a Ca 2ϩ -independent phospholipase A 2 . Exposure of MIN6 cells to arachidonate alone (AA; 100 M) did not reduce cell viability (Fig. 7) . Nonetheless, 5,8,11-eicosatrienoic acid (ETI; 5 M) and nordihydroguaiaretic acid (NDGA; 20 M), inhibitors of lipoxygenase activity (36), significantly blocked thapsigargin-induced cell death (Fig. 7) . These results suggested that a product of the lipoxygenase pathway generated consequent to thapsigargin-induced ER Ca 2ϩ store depletion contributed to cell death. Consistent with this hypothesis was the finding that 12-hydroxy-(5,8,10,14)eicosatetraenoic acid (12-HETE; 5-10 M), the major product of the lipoxygenase pathway in ␤-cells (37) , caused a significant reduction in MIN6 viability (Fig. 7) . The role of activation of lipoxygenase activity in triggering cell death appeared to be specific since inhibition of the cyclooxygenase pathway with indomethacin (IND, 10 M) did not significantly impair the thapsigargin-induced decrease in MIN6 cell viability (Fig. 7) . Indomethacin alone was without effect. However, exposure of MIN6 cells to AA (100 M) plus indomethacin (10 M) for 48 h reduced MIN6 cell viability by 22% (Fig. 7) . This result further suggested the role of lipoxygenase pathway in ␤-cell death.
Effects of thapsigargin in mouse pancreatic islets. Exposure of islets to 10 M thapsigargin caused 35% of islet cells to die ( Fig. 8 A) an effect associated with a threefold increase in the amount of DNA fragmentation (Fig. 8 B) and formation of DNA laddering (data not shown). Exposure of mouse islets to 0.5-10 M thapsigargin caused a progressive, but partial depletion of carbachol-releasible intracellular Ca 2ϩ stores determined in the absence of extracellular Ca 2ϩ (data not shown).
Discussion
Although increases in [Ca 2ϩ ] i have been implicated in apoptotic cell death in a wide variety of cell types, including pancreatic ␤-cells (38) , the mechanisms that trigger programmed cell death in insulin-secreting cells have not been defined clearly. We investigated the effect of chronic Ca 2ϩ overloading on MIN6 cell and mouse islet cell death and found that chemical agents capable of producing sustained rises in [Ca 2ϩ ] i did not cause a significant decrease in cell viability. However, thapsigargin, CPA, and tBHQ, structurally distinct inhibitors of SERCA, were potent inducers of apoptotic cell death in ␤-cells. Furthermore, the increase in apoptosis induced by the SERCA blockers was unrelated to changes in [Ca 2ϩ ] i , but was triggered by a signal that involved activation of the lipoxygenase pathway of arachidonate metabolism consequent to the depletion of ER Ca 2ϩ stores.
Inhibition of SERCA activity after the application of 0.1-1 M thapsigargin causes multiphasic increases in [Ca 2ϩ ] i due to the release of Ca 2ϩ from intracellular Ca 2ϩ stores and influx of Ca 2ϩ either through voltage-independent Ca 2ϩ channels or Ca 2ϩ store-operated channels that open in response to depletion of the ER Ca 2ϩ stores (20) . Previous studies have demonstrated that exposure to thapsigargin induce apoptosis in several cell types, and elevation of [Ca 2ϩ ] i is widely considered as an important signal for apoptosis (39) . This hypothesis is based on earlier experiments showing blockade of thapsigargininduced apoptosis by agents that prevent elevation of [Ca 2ϩ ] i either by inhibiting Ca 2ϩ influx through the plasma membrane (40) or by chelating cytosolic Ca 2ϩ with BAPTA, a Ca 2ϩ buffer (41) .
Our data in MIN6 cells, however, suggest that the thapsigargin-induced increase in ␤-cell death is not due to an increase in [Ca 2ϩ ] i . Incubation of MIN6 cells with nitrendipine, a blocker of L-type Ca 2ϩ channels, SKF-96365 or DPC, blockers of Ca 2ϩ store-operated channels, removal of extracellular Ca 2ϩ with EGTA, or chelation of cytosolic Ca 2ϩ with BAPTA, failed to inhibit thapsigargin-induced apoptosis. These findings are in accord with studies in human hepatoma cells (42) , cerebellar granule neurons (43) , and S49 mouse lymphoma cells (39) , in which the rises in [Ca 2ϩ ] i produced by thapsigargin were dissociated from induction of apoptotic cell death. In fact, the MIN6 cells were resistant to cell death consequent to Ca 2ϩ overload; exposure to agents that cause prolonged increases in ␤-cell [Ca 2ϩ ] i did not cause cell death.
Consistent with the well-characterized inhibitory actions of thapsigargin on SERCA (19, 30) , our findings suggest that thapsigargin-induced apoptosis is triggered by depletion of ER Ca 2ϩ stores. SERCA, a critical regulatory component of Ca 2ϩ signaling and Ca 2ϩ homeostasis, uses the energy derived from hydrolysis of ATP to transport cytosolic Ca 2ϩ against a concentration gradient into the lumen of the ER. In a wide variety of cell types, inhibiting SERCA activity with thapsigargin, or with structurally unrelated SERCA antagonists, CPA or tBHQ, rapidly depletes the mobilizable Ca 2ϩ pool in the ER (44) . In this study, we assessed the amount of depletion of the ER Ca 2ϩ stores induced by thapsigargin by monitoring [Ca 2ϩ ] i responses evoked by carbachol and ionomycin in the absence of extracellular Ca 2ϩ . Two possible mechanisms might explain the inhibition of carbachol-induced intracellular Ca 2ϩ mobilization by thapsigargin: (a) inhibition of IP 3 -dependent signaling consequent to muscarinic receptor stimulation, or (b) depletion of Ca 2ϩ stores mobilizable by carbachol. Since the discharge of intracellular Ca 2ϩ pools by ionomycin does not depend on IP 3 , our results with ionomycin suggest that the inhibitory effect of thapsigargin on carbachol-stimulated Ca 2ϩ release (Fig. 6, A and B) was most likely due to the depletion of mobilizable Ca 2ϩ stores, rather than defects in IP 3 formation or binding of IP 3 to its receptor. These conclusions are consistent with other studies that reveal no effect of thapsigargin on IP 3 formation in insulin secreting cells (45) .
Thapsigargin-induced MIN6 cell death was progressive and irreversible; incubation with the SERCA antagonist for 4 h was sufficient to produce a significant and progressively increasing percentage of cells undergoing apoptosis over a subsequent 48-h period. That depletion of intracellular Ca 2ϩ stores was sufficient to trigger apoptosis in the ␤-cells was supported further by the observation that incubation of MIN6 cells with 5 mM EGTA for 48 h caused cell death (Fig. 5 B) . Previously, we have shown that high extracellular concentration of EGTA depletes ␤-cell Ca 2ϩ pools and activates Ca 2ϩ store-operated cation currents (25) . Taken together, our findings suggest that a sustained lowering of the ER Ca 2ϩ concentration is a signal that initiates apoptosis in ␤-cells. This premise is in accord with the results of a recent study in which apoptosis in WEHI7.2 lymphoma cells exposed to thapsigargin is not prevented by reducing extracellular Ca 2ϩ concentration (which inhibits capacitative entry), but was inhibited by overexpression of Bcl-2 (46). He et al. found that Bcl-2, which localizes to the ER membrane, attenuated thapsigargin-induced cell death by preventing ER Ca 2ϩ pool depletion, and suggested that the regulation of Ca 2ϩ homeostasis within the ER plays an important role in apoptosis.
The precise identity of the cell death signal distal to thapsigargin-induced ␤-cell Ca 2ϩ store depletion is not known. It is likely that prolonged reduction of the ER lumenal Ca 2ϩ concentration is an important proximal event in apoptotic signal transduction. In addition to activating Ca 2ϩ store-operated cation currents (23), depletion of ER Ca 2ϩ pools by thapsigargin inhibits protein biosynthesis (47), activates phospholipase A 2 , and mobilizes arachidonic acid in smooth muscle cells and U937 promonocytes (34, 35) . In this study, since cycloheximide significantly reduced cell death induced by thapsigargin, it is unlikely that inhibition of protein biosynthesis stemming from depletion of intracellular Ca 2ϩ accounted for apoptosis in MIN6 cells. On the other hand, exogenous application of arachidonic acid while blocking cyclooxygenase, or exposure to 12-HETE, the major metabolite of the lipoxygenase pathway in ␤-cells did cause significant cell death. A role of the lipoxygenase activation in mediating ␤-cell apoptosis was further substantiated using ETI and NDGA, inhibitors of lipoxygenase: both were effective blockers of cell death induced by thapsigargin. In contrast, the likelihood that cyclooxygen-ase activity did not contribute to ␤-cell death consequent to ER Ca 2ϩ depletion was supported by the finding that indomethacin did not suppress thapsigargin-induced apoptosis. Inhibition of cyclooxygenase actually facilitates the conversion of AA to HETE, thereby rendering MIN6 cell sensitive to AA toxicity. These conclusions are in accord with results of previous studies examining mechanisms underlying islet cell death induced by nitric oxide: NDGA fully protected the islet cells from nitric oxide-mediated lysis, whereas, inhibition of cyclooxygenase with indomethacin or acetylsalicylic acid was without effect (48). Furthermore, NDGA has been shown to prevent apoptotic cell death associated with neurotoxicity (49) and CD95 ligand-induced apoptosis of human malignant glioma cells (50) . Nevertheless, despite the recent evidence documenting the expression and enzyme activity of Ca 2ϩ -independent phospholipase A 2 activity in ␤-cells (51), the mechanisms controlling this process remain to be determined.
In summary, we have shown that inhibition of SERCA activity with thapsigargin causes apoptotic cell death in MIN6 insulinoma cells and in mouse islet cells. The induction of ␤-cell apoptosis by thapsigargin did not require increased [Ca 2ϩ ] i , but likely was initiated by irreversible depletion of ER Ca 2ϩ stores and consequent activation of the lipoxygenase pathway of arachidonate metabolism. Our results thus illustrate the critical importance of intracellular Ca 2ϩ pools in maintaining ␤-cell viability. Although previous studies have demonstrated reduced expression of SERCA in islets isolated from the db/db mouse (22) , GK (23), and Zucker diabetic fatty rat (52) models of NIDDM, the role of organelle-sequestered Ca 2ϩ pools and ␤-cell apoptosis in the pathogenesis of insulin-dependent diabetes mellitus and NIDDM is not yet understood. Our findings do suggest, however, that preservation of ␤-cell mass might be accomplished by targeting regulatory components of ER Ca 2ϩ stores or lipoxygenase activity. 
